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a b s t r a c t
High-resolution (0.34 nm) reﬂectance spectra of a suite of terrestrial ortho- and clinopyroxenes were
characterized in the 506-nm region. This region exhibits absorption bands attributed to spin-forbidden
transitions in Fe2+ located in the M2, and possibly M1, crystallographic site(s). The most intense absorption bands (up to 3.8% deep in <45 lm fractions) are present in low Ca-content orthopyroxene spectra.
This region exhibits two (spectral Group I) or more (spectral Group II) absorption bands in the
500–515 nm interval. Group I spectra are associated with the lowest Ca-content samples. For orthopyroxenes, the number of constituent absorption bands and band depths vary as a function of Ca content;
increasing Ca content results the appearance of more than two absorption bands and a general reduction
in band depths, offsetting an expected increase in band depth with increasing Fe2+ content; band depths
may also be reduced due to the long wavelength wing of ultraviolet region Fe–O charge transfer absorptions. Band depths and shapes in this region are also a function of grain size, with the strongest bands
appearing for larger grain sizes – in the 90–250 lm range. The number and position of constituent
absorption bands can be used to constrain factors such as cooling rates, as expressed in the formation
of Guinier–Preston zones versus coarser-grained augite exsolution lamellae. Band depths in the spectra
of ﬁne-grained (<45 lm) clinopyroxenes do not exceed 1% and are generally lowest for spectral type A
clinopyroxenes, where most of the Fe2+ is present in the M1 crystallographic site. The appearance of
the 506 nm band in the spectra of pyroxene-bearing asteroids can be used to constrain pyroxene composition and structure. The results of this study suggest that detailed analysis of absorption features in the
506 nm region is a powerful tool for determining the composition and structure of pyroxenes. The spectral resolution of the VIR-MS spectrometer aboard the Dawn spacecraft – which will examine Asteroid 4
Vesta, a body possessing surﬁcial pyroxenes – will be sufﬁcient to provide some constraints on pyroxene
composition.
Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction
Pyroxene is one of the most common constituents of the crusts
of inner Solar System bodies. It is known or strongly suspected to
be present on Mercury (McCord and Clark, 1979; Warell et al.,
2006), Venus (Surkov et al., 1983), the Moon and the Earth (Basaltic
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Volcanism Study Project, 1981), Mars (Wood and Ashwal, 1981;
Huguenin, 1987; Singer et al., 1990), and a number of asteroids
(McCord et al., 1970; Feierberg et al., 1980; Cruikshank et al.,
1991; Gaffey et al., 1993).
Variations in pyroxene composition and cation site occupancies
are useful petrogenetic indicators (e.g., Wood and Banno, 1973;
Wells, 1977; Kretz, 1982; Lindsley, 1983; Lindsley and Andersen,
1983). Pyroxene reﬂectance spectra exhibit a number of absorption
features that are indicative of petrogenetic conditions. These include major absorption bands in the 1000- and 2000-nm regions
that are due to spin-allowed Fe2+ crystal ﬁeld transitions, as well
as a number of minor absorption bands at generally shorter wavelengths that are attributable to spin-forbidden transitions and
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intervalence charge transfers involving Fe2+ and other transition
series elements (Adams, 1974; Cloutis and Gaffey, 1991; Burns,
1993; Cloutis, 2002). Previous studies have shown that the wavelength position and depths of the major Fe2+ spin-allowed absorption bands are a function of site occupancies and abundances of
other cations which can affect the local electronic environment
of Fe2+-occupied sites (Cloutis and Gaffey, 1991). Transition series
metals can occupy a number of sites in pyroxene, including the
octahedrally coordinated M1 and M2 sites and, in some cases,
the tetrahedrally coordinated T site (Burns, 1993). The M1 and
M2 sites normally accommodate the vast majority of the Fe2+.
From the perspective of pyroxene spectroscopy, the M1 and M2
sites differ primarily in the degree of distortion from perfect octahedra. The M2 site is more distorted than M1, and can be coordinated by 6–8 oxygens, resulting in more intense absorption
bands for a given abundance of Fe2+ (Burns, 1993). Low Ca-content
pyroxenes generally have an orthorhombic structure, while high
Ca-content pyroxenes generally assume a monoclinic structure,
attributable to the much larger ionic radius of Ca versus Mg and
Fe2+ (Burns, 1993). In clinopyroxenes, the M1 site is coordinated
by six O atoms and has a fairly regular octahedral conﬁguration.
The M2 site is coordinated by eight O when it is occupied by large
cations such as Ca, by seven O in some pigeonites, and by six O for
smaller cations such as Fe2+ and Mg (Cameron and Papike, 1981).
As in orthopyroxenes, the M2 site is more asymmetric than the
M1 site (Burns, 1993). Both the M1 and M2 sites in clinopyroxenes
show a smaller range of metal–oxygen distances than orthopyroxenes (Burns, 1993), indicating a less distorted site. In both orthopyroxenes (generally low-calcium pyroxenes, or LCPs) and
clinopyroxenes (generally high-calcium pyroxenes, or HCPs) the
presence of Fe2+ leads to two spin-allowed crystal ﬁeld transition
absorption bands: near 900 and 1200 nm for Fe2+ in M1, and near
1000 and 2000 nm for Fe2+ in M2 (Adams, 1974).
The relative distribution of Fe2+ among the M1 and M2 sites is a
function of a number of factors. Cations are assigned to the various
sites in pyroxene in the following order: tetrahedral, M1, then M2.
The cations assigned to these sites are normally allocated in the following order: Si, Al, Fe3+, Ti4+, Cr, Mg, Fe2+, Mn, Ca, Na. In LCPs, Fe2+
preferentially occupies the M2 site, while in HCPs, Ca is strongly partitioned into the M2 site with Fe2+ and other cations making up any
deﬁciencies in M2 site occupancy (Warren and Bragg, 1929; Clark,
1957; Ghose, 1965; White and Keester, 1966; Bancroft and Burns,
1967; Bancroft et al., 1967; Burns, 1970; Burns et al., 1972a,b). As a
general observation, 70–90% of the total Fe2+ will order into the
M2 site for LCPs and pigeonites that are <Fs50 (Cameron and Papike,
1981; Hardersen et al., 2006 and references therein). The M1/M2
Fe2+ site occupancy ratio generally increases with increasing Fe2+
content in LCPs and pigeonites (Eeckhout et al., 2000).

While spin-allowed transitions in Fe2+ in both the M1 and M2
sites result in the most intense absorption bands seen in the
400- to 2500-nm region, pyroxenes often exhibit additional weaker and narrower absorption bands at shorter wavelengths. The
most prominent of these appear near 425, 445, 480, 505, and
545 nm, and there is broad agreement that these bands are attributable to spin-forbidden crystal ﬁeld transitions in Fe2+ located in
the M2 site (Runciman et al., 1973; Abu-Eid, 1976; Langer and
Abu-Eid, 1977; Goldman and Rossman, 1979; Hazen et al., 1978;
Zhao et al., 1986; Burns, 1993; Cloutis, 2002). Some of these features consist of overlapping absorption bands (e.g., Hazen et al.,
1978; Klima et al., 2007b). This assignment (as discussed more
fully below) is bolstered by the fact that these absorption features
are more prominent in LCPs than HCPs: LCPs generally contain a
higher abundance of Fe2+ in the M2 site than HCPs. These absorption bands are, however, 1–2 orders of magnitude weaker than
spin-allowed crystal ﬁeld transitions (Burns, 1970; Klima et al.,
2007b).
Spin-forbidden absorption bands involve a change in the number of unpaired electrons, where the spin orientation of an electron
changes, and this is forbidden by the spin multiplicity rule (Burns,
1993). However, spin orbit coupling and deviations from site symmetry allow this rule to be relaxed somewhat. As a result, an electron located in the 3d-shell of Fe2+ can sometimes change its spin
orientation. While spin-forbidden absorption bands are much
weaker than spin-allowed transitions, their intensity will increase
with increasing deviations from site symmetry. As a result, spinforbidden transitions are expected to be more intense in the more
distorted pyroxene M2 site as compared to the more symmetric
M1 site (Burns, 1993).
An absorption feature near 506 nm is the most intense of the
shorter wavelength bands, and is nearly ubiquitous in LCP reﬂectance spectra for both powders and whole rocks (Fig. 1) (e.g., Adams,
1974; Cloutis and Gaffey, 1991; Cloutis, 2002; Klima et al., 2006,
2007a,b; Pompilio et al., 2007). It is also commonly present in reﬂectance spectra of pyroxene-bearing achondrite and ordinary chondrite meteorites (Adams, 1974; McFadden et al., 1982; Golubeva
et al., 1986a; Hiroi and Takeda, 1991; Ammannito et al., 2007; Klima
et al., 2007a), and transmission and reﬂectance spectra of lunar
pyroxenes (Bell and Mao, 1972a,b; Burns et al., 1972a,b; Hazen
et al., 1978; Klima and Pieters, 2008).
2. Potential applications of the 506 nm band
While the 506 nm spin-forbidden Fe2+ absorption band is less
intense and narrower than the spin-allowed Fe2+ absorption bands,
it possesses a number of potential advantages for planetary remote
sensing. Planetary remote sensing in the 506-nm region is more

Fig. 1. Visible region (400–600 nm) reﬂectance spectra of (a) low-Ca orthopyroxenes, (b) high-Ca clinopyroxenes. See Table 1 for compositions. PYX023 and PYX042 belong to
orthopyroxene spectral Group I, and PYX003 and PYX112 belong to orthopyroxene spectral Group II (as deﬁned in this study). PYX007 and PYX010 are clinopyroxene spectral
type A, and PYX036 and PYX101 are clinopyroxene spectral type B as deﬁned by Adams (1974).
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accessible due to the greater sensitivity of detectors and increased
solar ﬂux in this region versus longer wavelength regions. Spectra
with the resolution and signal to noise ratios necessary for detecting this feature on various planetary bodies are becoming increasingly available. As an example, the extensive SMASS asteroid data
bases (e.g., Xu et al., 1995; Bus and Binzel, 2002) generally possess
the spectral resolution and wavelength coverage necessary for
detection of this feature and are available for large numbers of
asteroids. The 506 nm feature might be affected by different structural or compositional properties than spin-allowed transitions,
and thus may provide unique information on pyroxene composition and structure.
The appearance of this band in howardite, eucrite, and diogenite
(HED) achondritic meteorite reﬂectance spectra (Gaffey, 1976), all of
which contain LCPs, and its variation in wavelength position as a
function of meteorite type (Hiroi et al., 2001), has led to its use for
mapping compositional variations across the surface of Vesta
(Golubeva et al., 1986b; Cochran and Vilas, 1997, 1998) and between
different pyroxene-rich asteroids (Busarev, 1998, 2001; Vilas et al.,
2000; Jarvis et al., 2001; Golubeva and Shestopalov, 2006; Shestopalov et al., 2007, 2008). Telescopic spectra of various classes of asteroids have been used to infer the presence of pyroxene on the basis of
the 506 nm absorption feature. Asteroids whose spectra exhibit such
a feature include members of the S-class (Golubeva, 1986; Shestopalov et al., 1990, 1991), the A-class (Golubeva and Shestopalov,
2006), the C-class (Vilas et al., 1993), the M-class (Busarev, 1991,
1998, 2000), and the vestoids (Vilas et al., 2000; Jarvis et al., 2001).
We investigate the 506 nm absorption feature in pyroxene
reﬂectance spectra at high (sub-nanometer) spectral resolution.
Our goals are: (1) to determine the complexity of this feature in
high spectral resolution reﬂectance spectra; (2) to ascertain which
compositional and/or structural properties affect its appearance
(shape, width, depth); (3) to assess whether this absorption feature
provides complementary or unique compositional information to
that of the Fe2+ spin-allowed absorption bands; (4) to verify
whether the appearance of this feature is unique in LCP versus
HCP spectra; (5) to ascertain its utility for discriminating different
achondritic meteorites; (6) to determine whether the appearance
of this feature provides insights into petrogenetic conditions; (7)
to evaluate its presence and characteristics in existing asteroid
spectra; and (8) to assess the ability of the Dawn asteroid mission’s
VIR-MS spectrometer to characterize the surface of Vesta based on
this feature.

3. Previous laboratory studies of the 506 nm feature
Previous spectroscopic studies of the 506 nm absorption feature, largely based on transmission measurements, have shown
that it varies in wavelength position, shape and number of resolvable individual absorption bands, principally as a function of
pyroxene structure and composition.
White and Keester (1966) measured transmission spectra of
diopside and enstatite. The diopside spectrum showed no absorption band in the 505 nm region, while the enstatite spectrum
exhibited a narrow band at 510 nm, which was assigned to an
Fe2+ transition. This band also appeared in their reﬂectance spectrum of the powdered enstatite sample.
Burns (1969) measured polarized absorption spectra of a number of pyroxenes. He found a single absorption feature near 506 nm
in the spectra of bronzite (Fs14), orthoferrosilite (Fs86), and a calcic
clinopyroxene (Fs24 Wo50). The cause of this feature was not
discussed.
Bell and Mao (1972a) examined polarized absorption spectra of
two lunar pigeonites (from Apollo samples 14053 (Fs28 En62 Wo10),
14306,6 (Fs30 En67 Wo3)) and an augite (from Apollo sample 14053
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(Fs34 En41 Wo25)). All three samples exhibited an absorption feature, apparently resolvable as two narrow absorption bands at
503 and 507 nm (the published spectra do not show this feature
as a doublet). They did not assign these features to a single cause
but suggested that it can be attributed in part to coupled transitions of Ti3+ and Ti4+. In polarized absorption spectra of a lunar
pigeonite (from Apollo sample 12040,49 (Fs25 En67 Wo8)), Bell
and Mao (1972b) found two absorption bands near 508 nm. They
noted that their assignment was uncertain, but stated that they
are ‘‘probably caused by Ti3+ and perhaps Fe3+ as well”.
Burns et al. (1972a,b) measured polarized absorption spectra of a
number of lunar and terrestrial pyroxenes. They attributed an
absorption feature near 505 nm to spin-forbidden transitions in
Fe2+. This feature appeared as a single, but asymmetric, absorption
band in a zoned lunar clinopyroxene (from Apollo rock 10047 (Fs26
En45 Wo29)), a lunar mantling augite (from Apollo rock 12021 (Fs54
En20 Wo26)), an unspeciﬁed lunar pyroxene (from Apollo rock
15555), and a terrestrial calcic clinopyroxene, and as a single symmetric-appearing absorption band in the core pigeonite (from Apollo
rock 12021 (Fs29 En61 Wo10)), and a terrestrial pigeonite (with the
band centered at 510 nm). They attributed this band to spin-forbidden Fe2+ transitions because its increased intensity correlated with
increasing Fe content. They discounted contributions from Ti.
Burns et al. (1973) measured absorption spectra of a zoned
pyroxene phenocryst from Apollo rock sample 15058. The core
pigeonite showed two absorption bands at 503 and 508 nm, while
the mantling augite and groundmass pyroxferroite showed a single
absorption band at 505 nm. The relative intensities of the 503 and
508 nm bands were found to correlate with M1 and M2 site occupancies by Fe2+, leading them to assign the weaker 503 and stronger 508 nm bands in the pigeonite spectrum to spin-forbidden
transitions in Fe2+ located in the M1 and M2 sites, respectively.
They discounted contributions from Ti or Fe3+ to this feature. They
also noted that enstatite, which has a lower M1 site occupancy,
shows an expected weakening of the 503 nm band (Runciman
et al., 1973). The absence of a well-resolved doublet in the augite
spectrum was attributed to its compositional zoning and lower
M2 site occupancy in augite as compared to pigeonite. The broadness of the 505 nm band in pyroxferroite was attributed to overlapping contributions from up to ﬁve of the available seven sites
in this phase. The assignment of the 505 nm region feature(s) to
spin-forbidden transitions in Fe2+ was further reiterated in Burns
et al. (1976) and Vaughan and Burns (1977).
Runciman et al. (1973) measured polarized absorption spectra
of an enstatite sample (Fs6.7 En92.6 Wo0.7). They found only a single
absorption band at 505.6 nm in both room and liquid helium temperature spectra which they attributed to an otherwise unspeciﬁed
Fe2+ spin-forbidden transition.
Sung et al. (1974a,b) measured polarized absorption spectra of a
Ti-rich lunar augite (from Apollo rock 74275,85 (Fs17 En39 Wo44)).
They found a narrow asymmetric absorption feature near 505 nm
that they assigned to spin-forbidden transitions in Fe2+.
Abu-Eid (1976) measured low and high pressure absorption
spectra of a lunar pyroxene (from Apollo rock 74275,85 (Fs18
En39 Wo43)) and detected an absorption feature at 505 nm that
they attributed to an Fe2+ spin-forbidden transition. The band did
not appear to shift in position between ambient and 50 kbar
pressure spectra.
Langer and Abu-Eid (1977) measured polarized absorption
spectra of a synthetic orthoferrosilite. The sample spectrum exhibited an absorption band near 513 nm and a shoulder at 518 nm.
They suggested that the band at 513 nm may arise from spin-forbidden transitions in Fe2+ in the M1 and/or M2 sites while the
518 nm band may be attributable to Fe2+ M1 transitions. They also
noted that due to site asymmetry and the occupancy of both M1
and M2 by Fe2+, multiple absorptions would be expected.
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Hazen et al. (1978) conducted an extensive study of the absorption spectral properties of lunar pyroxenes. They found that the
absorption feature in the 505–510 nm region appeared as a doublet in most LCPs and pigeonites, and as a singlet in augites and
the highest Fe-content LCPs. They suggested that the differences
are due to the symmetry of the M1 site. The M1 site in orthopyroxenes and pigeonites has a lower symmetry than in clinopyroxenes;
therefore they suggested the possibility that the 505 nm feature is
attributable to spin-forbidden transitions in Fe2+ located in the M1
site, and that the splitting of this peak in pigeonites and some orthopyroxenes is due to the lower symmetry of their M1 site compared to clinopyroxenes. They also found that the wavelength
position of this peak, or the average of the doublets, varies from
<505 nm to >510 nm with increasing Fe and Ca content. They also
suggested that further study was required to resolve the assignment of this feature.
Goldman and Rossman (1979) conducted heating experiments
and subsequent spectral transmission measurements on an orthopyroxene (Fs29.2 Wo1.0) and concluded, based on changes in M1 and M2
Fe2+ site occupancies, that the absorption band at 506.1 nm is attributable to Fe2+ in M2 and a band at 507.6 nm is attributable to Fe2+ in
M1.
Zhao et al. (1986) calculated expected Fe2+ spin-forbidden
bands in orthopyroxene (with a number of simplifying assumptions). They determined that contributions from the M2 site are
expected at 500.9 and 506.5 nm, and at 493 nm from the M1 site.
Shestopalov et al. (1991) measured room temperature transmission spectra of pyroxene crystals in the region of the 506 nm
band at 1 nm resolution. Compositions of the pyroxene were selected to supplement the data of Hazen et al. (1978). In the spectra
of orthopyroxene the band center undergoes a nearly linear trend
from 504.2 nm for enstatite (Fs4.9) to 507.5 nm for synthetic ferrosilite (Fs99). In clinopyroxenes of the Ca–Na series the band center
shifts towards longer wavelengths with increases in both Fe and
Ca content and varies from 505.5 nm to 509.3 nm for subcalcic
diopside and subcalcic hedenbergite, respectively.
Golubeva and Shestopalov (1998) determined that the wavelength position of the 506 nm feature is not sensitive to Al substitutions in the pyroxene structure. Such substitutions do affect the
wavelength positions of the longer wavelength Fe2+ spin-allowed
absorption bands (Cloutis et al., 1990; Golubeva and Shestopalov,
1998).
Klima et al. (2006, 2007a,b, 2008) conducted an extensive
examination of both natural and synthetic pyroxenes. In reﬂectance spectra of synthetic Ca-free pyroxenes, measured at 0.5 nm
resolution, the 506 nm absorption appears as a single, although
asymmetric feature, and increases in wavelength position from
505.4 nm at Fs20 to 507.4 nm at Fs92 (Klima et al., 2006,
2007b). This latter value is in contrast to a value of 512 nm for a
transmission spectrum of a synthetic orthoferrosilite (Fs100) (Langer and Abu-Eid, 1977). Preliminary results for synthetic Ca-bearing pyroxenes (10–30% Wo) suggested that this feature is a
composite Gaussian, with at least two bands being necessary to
ﬁt it (Klima et al., 2006).
In a comparison of HED meteorite spectra (1 nm spectral resolution), Hiroi et al. (2001) found that diogenite spectra exhibit their
absorption band near 505.8 nm while eucrites exhibit the band
near 507.6 nm. The major difference between diogenites and eucrites is the higher Fe2+ and Ca content of the pyroxene and greater
plagioclase feldspar abundance in the latter group. Diogenite
pyroxenes have a composition around Fs25 Wo3, while eucrite
pyroxene was originally pigeonite which exsolved augite and
inverted to orthopyroxene, with an overall pyroxene composition
around Fs50 and Wo15 (Mittlefehldt et al., 1998). Plagioclase content is on the order of a few percent or less in diogenites and a
few tens of percent in eucrites (Mittlefehldt et al., 1998). The

higher plagioclase feldspar abundance is not expected to have an
effect on the wavelength position of the 506 nm band, thus the difference between the two groups can be attributed to pyroxene
compositional differences.

4. Experimental procedure
A total of 53 pyroxenes were used in this study, spanning a
range of compositions, and including 11 LCPs, 1 pigeonite, 14 spectral type A HCPs, 19 spectral type B HCPs, 5 mixed spectral types A
and B HCPs, and three spectrally anomalous HCPs (two Mn-rich
and one Na–Al–Cr rich) (Table 1). Complementary longer wavelength (to 2500 nm) reﬂectance spectra are also available for these
samples (Cloutis and Gaffey, 1991; Cloutis, 2002). Sample preparation and analytical procedures for both structural and compositional determinations are provided in Cloutis and Gaffey (1991)
and Cloutis (2002). Detailed compositional data for the samples
can be found at our laboratory’s web site: http://psf.uwinnipeg.ca.
Powdered samples were used for the spectral measurements,
and the spectra presented in this study are for <45-lm sized powders unless otherwise indicated. Reﬂectance spectra were measured with an Ocean Optics S2000 reﬂectance spectrometer. The
instrument was equipped with a bifurcated ﬁber optic cable
assembly consisting of a central ﬁber directing reﬂected light to
the spectrometer, surrounded by a ring of six illuminating ﬁbers.
The ﬁeld of view (or acceptance angle of each ﬁber) is 25°. Illumination was provided by a 6 W Ocean Optics LS-1 quartz–tungsten
halogen light source. The most appropriate deﬁnition of the set-up
is a biconical arrangement with i and e centered on 0° and detector and illumination ﬁelds of view of 25°. Spectra were measured
across the 350- to 860-nm region and spectral resolution varied
from 0.36 nm at 350 nm to 0.28 nm at 860 nm. Spectral resolution
in the 510 nm region was 0.34 nm. Reﬂectance spectra were measured relative to SpectralonÒ. A total of 300 spectra each of dark
current, standard and sample were acquired, with an integration
time of 30 ms per spectrum, and averaged.
Absorption bands were isolated for determining depths, full
widths at half maximum, and positions by ﬁtting a straight line
continuum to either side of the absorption band and dividing the
spectrum by this continuum. Band depths were determined using
Eq. (32) of Clark and Roush (1984). For some of the spectra, there
were different places where the continuum could be ﬁt, and in
these situations we ﬁxed it at 500 and 514 nm. Band centers were
determined by a combination of visual inspection and ﬁtting a
third order polynomial to at least ﬁve points on either side of a
visually determined center. Full width at half maximum was found
to be unsuited for characterizing the absorption feature in the
506-nm region because this feature appears to be composed of
overlapping absorption bands in many of the spectra. Hence it
was not used in the subsequent analysis.
The 506 nm region in orthopyroxene and pigeonite spectra was
also ﬁt using the Modiﬁed Gaussian Method (MGM). The MGM was
developed to deconvolve near-infrared spectra into component
absorption bands, which could then be attributed to spin-allowed
transitions within the mineral (Sunshine et al., 1990). The MGM
was not explicitly tested on spin-forbidden transitions. If the shape
of spin-forbidden bands is a result of small, random deviations in
bond lengths, a single modiﬁed Gaussian should describe a single
spin-forbidden absorption. If this is not the case, a modiﬁed Gaussian can at least isolate the band centers of the spin-forbidden
absorptions, and may resolve multiple bands.
Since this study focuses speciﬁcally on the shape and characteristics of the 506 nm band, the MGM was performed on the spectra
that have had their continuum removed as detailed above. These
spectra were then ﬁt by a ﬂat continuum and two modiﬁed Gauss-
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Table 1
Composition of pyroxenes used in this study.
Composition

PYX023

PYX042

PYX110

PYX117

PYX119

Spectral Group I orthopyroxenes
En
Fs
Wo

89.3
9.4
1.3

86.8
12.8
0.4

86.3
13.2
0.5

74.7
24.6
0.7

85.1
14.6
0.3

PYX003
Spectral Group II orthopyroxenes and pigeonite (PYX112)
En
68.5
Fs
28.2
Wo
3.3
PYX070a

54.9
41.5
3.6

91.1
7.8
1.1

64.8
26.9
8.3

PYX205d

PYX205e

PYX206f

PYX206g

99.62
0.18
0.20

99.4

99.3
0.1
0.6

99.07
0.22
0.71

99.2
0.1
0.7

98.76
0.10
1.12

PYX009

PYX010

PYX020

PYX021

PYX026

PYX038

39.8
9.7
50.5

30.4
18.7
50.9

48.0
3.3
48.7

4.2
43.7
52.1

10.4
28.7
60.9

11.0
35.2
53.8

PYX041

PYX109

PYX120

PYX131

PYX150

PYX151

PYX171

39.7
2.9
57.4

30.6
19.7
49.7

45.4
4.8
49.8

37.2
1.8
61.0

44.9
4.0
51.1

39.8
3.1
57.1

42.3
3.1
54.6

PYX007

PYX005

PYX016

PYX017

PYX018

PYX029

PYX034

48.6
2.5
48.9

47.5
8.1
44.4

47.8
3.8
48.4

41.5
6.9
51.6

47.4
8.9
43.7

PYX035

PYX036

PYX040

PYX101

PYX102

PYX104

40.5
10.8
48.7

43.3
13.4
43.3

42.7
8.5
48.8

34.7
22.0
43.3

48.7
2.1
49.2

48.4
2.3
49.3

Spectral type B clinopyroxenes
En
41.0
Fs
9.9
Wo
49.1

En
Fs
Wo

PYX112

PYX070c

Spectral type A clinopyroxenes
En
35.7
Fs
11.2
Wo
53.1

En
Fs
Wo

PYX108

PYX070b

Low-iron orthopyroxenes
En
99.09
Fs
0.07
Wo
0.84

En
Fs
Wo

PYX032

PYX105

PYX107

PYX114

PYX134

PYX135

43.9
7.5
48.6

44.5
8.9
46.6

41.1
19.1
39.8

49.1
0.4
50.5

48.5
1.6
49.9

PYX006

PYX103

PYX115

PYX121

PYX126

40.8
18.7
40.5

46.0
16.9
37.1

47.0
1.2
51.8

39.8
8.9
51.3

PYX122

PYX127

PYX152

PYX153

Spectral types A and B clinopyroxenes
En
42.9
Fs
6.9
Wo
50.2
PYX044
Clinopyroxenes substantially off the Mg–Fe–Ca quadrilateral
MnO (wt.%)
42.81
Al2O3
Na2O
Cr2O3
Spectral type
Anom.

27.27

40.75
21.31
4.98

Anom.

B

B

9.03
11.62
3.41
Anom.

Abbreviations: En: mol% enstatite; Fs: mol% ferrosilite; Wo: mol% wollastonite. Anom.: anomalous: no evidence of spectral type A or B behavior.
Note: End members have been calculated based only on abundances of MgO, FeO, and CaO.
a
Analysis from Cherniak (2001).
b
Analysis from McGuire et al. (1992).
c
Analysis from Zwaan (1996).
d
Enstatite from the Happy Canyon aubrite – this study.
e
Enstatite from the Happy Canyon aubrite – analysis from Watters and Prinz (1979).
f
Enstatite from the Norton County aubrite – this study.
g
Enstatite from the Norton County aubrite – analysis from Watters and Prinz (1979).

ian curves. The model was instructed to search for two bands within a 20 nm conﬁdence interval around 506 and 510 nm. The model
was run until the difference in overall RMS error between iterations was less than 10 8.

5. Results
Fig. 2 shows a representative sampling of some of the continuum-removed reﬂectance spectra acquired for this study. What
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Fig. 2. Continuum-removed spectra of (a) orthopyroxene spectral Group I and low-Fe2+ samples, (b) orthopyroxene spectral Group II samples, (c) spectral type A
clinopyroxenes, (d) spectral type B clinopyroxenes. Numbers in brackets indicate magnitude of linear vertical offsets that have been applied to some of the spectra for clarity.
See Table 1 for compositions.

is apparent from these spectra is that they allow even weak
absorptions in the 506 nm region to be well characterized, and that
the appearance of this absorption feature varies widely between
different samples. For the ensuing discussion we have divided
the spectra initially into LCPs + pigeonite, and HCPs.

LCPs (PYX070, 205, 206) within Group I to better assess the effects
of low Fe2+ (Fs<1) content on the appearance of the 506 nm
feature.

5.1. LCPs and pigeonite

The HCPs used in this study can be subdivided on the basis of
longer wavelength Fe2+ spin-allowed absorption bands into spectral types A, B, mixed A and B behavior, or ‘‘anomalous” (Adams,
1974). Spectral type A is associated with samples where the Fe2+
is exclusively, or nearly so, situated in the M1 site. Spectral type
B is associated with samples containing at least some of the Fe2+
in the M2 site (spectrally analogous to LCPs). Since the M2 absorption bands are much stronger than M1 bands, only a fraction of the
total Fe2+ is required in M2 to result in spectral type B behavior
(Hardersen et al., 2006 and references therein). Spectral types A
and B exhibits clear evidence for both M1 and M2 spectral behavior
– primarily the presence of a 2000-nm region absorption band (due
to Fe2+ in the M2 site) and two absorption bands near 900 and
1200 nm (due to spin-allowed transitions in Fe2+ in the M1 site).
It should be noted that since M1 absorption bands are much weaker than M2 bands for a given Fe2+ content, some of the type B spectra may contain some M1-situated Fe2+, but in concentrations too
low to result in resolvable M1 spectral features.
In marked contrast to the LCPs, the HCP spectra exhibit
uniformly weak absorption bands, if they are present at all, in
the 506 nm region (all spectra are for <45-lm sized powders).
Band depths are all less than 0.8% and there is no consistency in
absorption band wavelength position. The spectral type B HCP
spectra generally exhibit the stronger absorption bands, with band

The LCPs used in this study span a compositional range from
Fs7.8 to Fs41.5 and Wo0.3 to Wo3.6 (Table 1). The composition of the
pigeonite is Fs26.9 Wo8.3. All of these samples exhibit a well-resolved
absorption feature in the 506 nm region (Fig. 2a and b). The LCP
spectra have been subdivided into two spectral groups strictly on
the basis of visual inspection of the spectra. Group I spectra
(Fig. 2a) exhibit a single symmetric-appearing absorption band near
506 nm, with an occasional second weaker band near 510 nm. The
Group II spectra (Fig. 2b) exhibit an asymmetric (likely composite)
absorption feature near 506 nm, and an additional weaker absorption bands near 511.5 nm and, again, an occasional absorption band
near 503.5 nm. The subjective nature of this division can be seen by
comparing the spectra of PYX023 and PYX119 (Group I) with
PYX003 (Group II); their differences are subtle, being largely
conﬁned to the visual appearance of the 506 nm band. Thus, there
is no clear separation between these two ‘‘groups”. The subdivision
that we used is intended more to highlight the fact that LCP spectra
are not a homogenous group. Band depths of the 506 nm feature are
generally deeper in the Group I spectra, ranging from 0.9% to 3.7%.
By comparison, the Group II spectra, which include samples with
higher Fe2+ content than Group I samples, have band depths
ranging from 0.8% to 1.6%. We also included three additional

5.2. HCPs
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depths generally on the order of 0.4–0.5%. Their most common
characteristic is that the strongest bands usually, but not always,
appear near 506 and 509 nm (Fig. 2c).
Absorption bands in the spectral type A spectra are generally
weaker, on the order of 0.2% (Fig. 2d). Bands most often appear
near 504 and 510 nm; much of the inconsistency in band positions
is attributable to the weakness of any bands that may be present.
Spectral types A and B HCP spectra exhibit absorption bands with
depths generally intermediate between types A and B, on the order
of 0.3%, and there is little consistency in terms of number of
absorption bands or wavelength positions.
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While these results suggest that absorption band shapes and
depths are potentially useful for constraining pyroxene grain size
and composition, it is likely that applying these results in practice
may be difﬁcult. For instance, the changes in overall absorption
feature shape that accompany decreasing grain size (Fig. 3a) are
not always diagnostic of larger grained pyroxene, as similar features (i.e., multiple absorption bands) are seen in some ﬁnegrained orthopyroxene spectra (e.g., PYX108, PYX112; Fig. 2b).
The current LCP sample suite is too small to draw deﬁnitive conclusions concerning whether the shape of the 506 nm region absorption feature can be used to constrain intermingling factors such as
grain size, pyroxene structure, and Fe2+ and Ca contents.

5.3. Grain size
Weak absorption bands, such as the 506 nm feature, may increase in intensity with increasing grain size. We measured a series
of grain size fractions of the orthopyroxene PYX032 (Fig. 3a). For this
sample, we acquired spectra at 2 nm resolution and with a 1 nm
spectral output using an ASD FieldSpec Pro HR spectrometer using
the same viewing geometry and experimental conditions as the
other samples used in this study. After continuum removal and isolation of the 506 nm feature, it appears that the depth of the band initially increases from 0.7% (<45 lm grain size) to 1.1% (45–90 lm
grain size), and then decreases to 1.0% (90–250 lm grain size),
0.55% (250–500 lm grain size), and 0.4% (500–1000 lm grain size).
This indicates that spectral detectability will be a function of grain
size (in addition to composition and end member abundance).
Spin-allowed Fe2+ absorption bands show the same behavior, i.e.
the band depth ﬁrst increases, reaches a maximum, and then decreases with increasing grain size (Clark, 1999).
We also measured reﬂectance spectra of the three low Fe2+ content LCPs at <45 and 45–90 lm grain sizes to see how grain size affects the appearance of this absorption band. PYX070 is a
terrestrial low Fe2+ content (Fs<0.2) LCP that exhibits absorption
bands in the 1000- and 2000-nm regions. The PYX070 sample
exhibits an absorption feature in the 506 nm region which is more
intense in the coarser fraction (45–90 lm) spectrum (Fig. 3b and
c). PYX205 and PYX206 are pyroxene-rich fractions from the Happy Canyon and Norton County aubrites, respectively. Their pyroxene compositions are on the order of Fs0.2–0.8 (Olsen et al., 1977;
Watters and Prinz, 1979; Okada et al., 1988; Table 1), and they
sometimes exhibit weak absorption bands in the 900- and possibly
1900-nm regions (Gaffey, 1976; Cloutis and Gaffey, 1993). This
same behavior extends to the 506 nm region. The Happy Canyon
pyroxene (PYX205) shows a possible weak band near 506 nm in
the coarser fraction (45–90 lm) spectrum (Fig. 3d and e), while
Norton County (PYX206) has a possible weak band near 506 nm
in both fraction (<45 and 45–90 lm) spectra (Fig. 3f and g). This
is broadly consistent with the slightly higher Fe content in Norton
County enstatite (0.41–0.82 wt.% FeO; Okada et al., 1988) versus
Happy Canyon (0.23–0.39 wt.% FeO; Olsen et al., 1977). These results suggest that an absorption feature near 506 nm persists to
low Fe2+ contents (Fs0.2), and that its depth increases with
increasing grain size. These and other meteorite reﬂectance spectra
will be the subject of a future paper.
As seen from Fig. 3a the band shape also changes with variations in grain size. The absorption feature shows multiple resolvable bands for the coarser grained spectra (250–1000 lm in
size): ﬁve narrow bands become apparent near 503, 506, 508,
513, and 517 nm. With increasing grain size over the <45 to 90–
250 lm range, the intensity of the 506 and 508 bands increases,
and on the whole the feature becomes sharper and narrower,
whereas other bands appear as shoulders on the main absorption
feature. Such an effect originates from scattering and the different
optical path of photons into grains of a particulate surface (Clark,
1999).

6. Discussion
The availability of a large number of high-resolution visible region pyroxene spectra from this and other recent studies (e.g., Klima et al., 2006, 2007a,b, 2008), allows us to provide new
constraints on potential causes of the 506 nm feature as well as
tentative explanations for the spectral variability that is seen. Previous studies, cited above, have provided convincing evidence that
narrow absorption bands in this region are attributable to spin-forbidden transitions in Fe2+.
Complicating analysis of the available data, particularly in trying to compare transmittance to reﬂectance spectra, is the fact that
absorption bands are narrower in transmission than reﬂectance
spectra. Thus, features that appear as well-resolved doublets in
transmission spectra may only appear as asymmetric Gaussianshaped absorptions in reﬂectance. In addition, spectral resolution
for a number of the older studies is not known, and given the narrowness of the absorption bands, will affect how many absorption
bands are resolved.
The 506 nm feature of the Group I LCPs was well-ﬁt by the
MGM using two bands positioned near 506 and 511 nm; ﬁts (as
measured by RMS error) were improved over using a single modiﬁed Gaussian for the Group I LCPs. Application of MGM analysis to
the more subtle features in the Group II LCPs, however, was largely
unproductive. Attempts to reduce the RMS error associated with
MGM ﬁtting of Group II LCP spectra using more than two modiﬁed
Gaussians were generally unsuccessful. While increasing the number of modiﬁed Gaussians used for the ﬁt generally reduced the
RMS error in the region of apparent small absorption bands, the
RMS error increased in regions between these bands (Fig. 4). We
attribute the general lack of improvement in RMS error with
increasing numbers of modiﬁed Gaussians to the small number
of data points associated with each apparent absorption feature,
the overall weakness of the features, and the overlapping nature
of the bands.
There appear to be two main ways in which Ca is accommodated in pyroxenes, and this accommodation appears to be a function of overall Ca content and cooling history. Ca can accumulate in
Ca-rich structures with Ca fully occupying the M2 sites and assuming a monoclinic structure (clinopyroxene). This appears to be the
prevalent mechanism in slow-cooled pyroxenes. These Ca-rich enclaves are generally referred to as exsolution lamellae, and coexist
with a Ca-free host with an orthorhombic structure (orthopyroxene) (e.g., Takeda et al., 1974; McCallum et al., 2006). Pigeonite,
which can contain between 5 and 15 mol% Ca, is metastable
and often the ﬁrst pyroxene to crystallize in a Ca-bearing melt; it
readily inverts to orthopyroxene (Ca-poor) and clinopyroxene
(Ca-rich) (Cameron and Papike, 1981).
In cases of more rapid cooling, and likely also for Ca-poor precursors (those containing <3% Wo), Ca migration is less effective.
In this case, short-range Ca migration is still possible, and results in
the formation of Guinier–Preston (G–P) zones. G–P zones have an
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Fig. 3. (a) Continuum-removed spectra of orthopyroxene PYX032 for different grain sizes. The grain size sequence indicated on the ﬁgure corresponds to the decrease in
reﬂectance at the bottom of the absorption feature. (b and c) Unprocessed (b) and continuum removed (c) spectra of low-Fe pyroxene PYX070 for <45 and 45–90 lm grain
size fractions. (d and e) Same as (c) and (d) for the Happy Canyon aubrite (PYX205). (f and g) Same as (c) and (d) for the Norton County aubrite (PYX206).

apparently orthorhombic structure, similar to Ca-free orthopyroxene. However in the G–P zones, there are two different M2 sites
(M2A and M2B) as well as two different M1 sites (M1A and M1B)

(Nord, 1980; Smyth and Swope, 1990). Ca orders into either M2A
or M2B, resulting in a unit cell with half layers of 0 and 50 mol%
Ca (for an average of 25 mol% Ca). These G–P zones can be as thin
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Fig. 4. Effect of increasing the number of constituent modiﬁed Gaussians for ﬁtting the 506 nm feature of orthopyroxene PYX108. (a) Fit and RMS error for two modiﬁed
Gaussians. (b) Fit and RMS error for three modiﬁed Gaussians. (c) Fit and RMS error for six modiﬁed Gaussians. (d) RMS error for two, three, and six constituent modiﬁed
Gaussians.

as one unit cell and are very prevalent in terrestrial low-Ca pyroxenes and diogenites (Lorimer and Champness, 1973; Champness
and Lorimer, 1974; Takeda et al., 1974; Nord, 1980; McCallum
et al., 2006). Both exsolution lamellae and G–P zones can be present in the same sample (Smyth and Swope, 1990). G–P zones are
seen in natural LCPs containing as little as 0.6 mol% Ca (Nord,
1980; McCallum et al., 2006). The G–P zones also possess a distinct
space group (P21ca) versus orthopyroxene (Pbca) and clinopyroxene (P21/c) (Smyth and Swope, 1990).
Given these observations we can begin to constrain the nature
and causes of the spectral differences in the 506 nm region between different pyroxenes. The reﬂectance spectra of synthetic
Ca-free pyroxenes exhibit an absorption feature near 506 nm (Klima et al., 2007b). Fitting of this feature with a single modiﬁed
Gaussian (Sunshine et al., 1990) resulted in signiﬁcant residual errors, suggesting that either this feature is not Gaussian in shape or
consists of more than one Gaussian-shaped absorption band. In
particular there was evidence in the residuals for an additional
weaker absorption feature near 510 nm. While a Tanabe–Sugano
diagram predicts a single feature (for a d6 cation in an octahedral
crystal ﬁeld), splitting of the orbitals, as happens for Fe2+ in the
orthopyroxene M2 site, should results in two absorption features,
analogous to the two spin-allowed absorption bands in orthopyroxene that arise from electron transitions from the t2g to eg orbitals (Burns, 1993). The two upper eg orbitals are resolved in
energy space, resulting in two distinct spin-allowed transitions.

By analogy, we expect two distinct spin-forbidden absorption
bands to be associated with Fe2+ in M2.
When we compare the two types of orthopyroxene spectra
(Fig. 2), we ﬁnd that those that exhibit two absorption bands, near
506 and 510 nm (Group I), are also those that are generally the
lowest Ca-content members (Wo0.3–1.3; Table 1). The available natural samples in this group span a restricted range of Fe2+ content
(Fs9.2–24.6) and the expected change in band minimum is on the order of 0.5 nm. Even with this limited range of Fs content, we do see
evidence for the more Fe2+-rich samples having their band centers
at longer wavelengths, following the trend established for synthetic Ca-free pyroxenes (Fig. 5). It is also worth noting that one
of the samples in this group (PYX042; Wo0.4) was also found to
contain G–P zones, although they were not widespread (Nord,
1980).
The Group II orthopyroxene spectra (Fig. 2b) have more complex absorption features in the 506 nm region. They exhibit a weak
feature near 503.5 nm, a composite feature near 506 nm, a band
near 510 nm, and an additional band near 511.5 nm. The samples
in this group are generally more Ca-rich than Group I, with Wo
contents ranging from 1.1% to 8.3% (Table 1). On the basis of the
widespread presence of G–P zones in terrestrial orthopyroxenes,
we believe that these pyroxenes are exhibiting contributions from
the Ca-free, Fe2+-bearing G–P zones, with M2A or M2B Fe2+ spinforbidden absorption bands occurring at longer wavelengths than
the Group I spectra, speciﬁcally near 507 and 511.5 nm. The
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Fig. 5. MGM-derived band centers for the 506 nm band when ﬁt using a two-band solution as a function of Fs. Gray circles are synthetic Ca-free orthopyroxenes from Klima
et al. (2007b) and black squares are LCPs from this study. The trend line shown is ﬁt to the synthetic pyroxenes and has an R2 of 0.976. Error bars indicate the 2 sigma
conﬁdence interval for ﬁts. Error bars for high-Fe synthetic pyroxenes are large due to the overlapping edge of the strong Fe2+–O charge transfer band.

503 nm feature is likely also associated with the G–P zones as it appears most prominently in the Group II spectra, but we are not
conﬁdent of its assignment. It should also be noted that one of
the pyroxenes in this group (PYX108) was also examined by Nord
(1980) who found a higher density of G–P zones than in the other
pyroxene common to both studies, PYX042, which shows only two
well-resolved absorption features (Fig. 2a).
Further insights into the causes of variations in the 506-nm region band can be gleaned from the compositional data. The depth
of the 506 nm absorption band does not correlate with Fe2+ content
(Fig. 6a); a number of our clinopyroxene samples contain more
Fe2+ than the orthopyroxenes but have uniformly weaker bands,
as noted previously. In the synthetic Ca-free pyroxenes of Klima
et al. (2006) band depth increases with increasing Fe2+ content,
but this trend is complicated by the strengthening Fe–O charge
transfer absorption in the ultraviolet region and its impact on the
continuum. The presence of Ca seems to exert an inﬂuence on band
depths. Decreasing Ca content correlates roughly with increasing
band depth in the clinopyroxenes (Fig. 6b) in the sense that the
lowest Ca content clinopyroxenes generally have the largest band
depths. There may be a weak trend in the HCPs between decreasing Ca content and increasing band depth, but band depths are uniformly <1% in the HCPs. When both Fe2+ and Ca contents are
considered, by using the Fs/Wo ratio (Fig. 6c), a positive correlation
emerges. This suggests that while Fs content has an impact on
band depth, as expected, Ca content also exerts a major inﬂuence.
This further suggests that the presence of Ca likely modiﬁes the
orthopyroxene structure in, as yet, not fully understood ways,
causing a reduction in 506-nm region band depth. When the maximum expected Fs content in M2 is considered (based on the
assumption that all the Ca is present in M2 and the remainder of
the M2 site is occupied by Fe2+, if enough Fe2+ is available for this
purpose), a generally positive trend emerges (Fig. 6d), as expected.
However, the scatter in the data suggests that: (1) this assumption
is an oversimpliﬁcation of how Fe2+ is partitioned between M1 and
M2; (2) that the presence of Fe3+ in the samples adversely affects

band depths; and/or (3) that the long wavelength wing of the
Fe–O charge transfer in the ultraviolet region affects the 506 nm
region spin-forbidden band depths.
In summary, we attribute the two main absorption features
near 506 and 510 nm to spin-forbidden transitions in Fe2+ in the
M2 site of orthopyroxene. The additional bands that appear in
the Group II orthopyroxene spectra (near 503.5, 507, and
511.5 nm), we attribute to similar transitions in Fe2+ located in
the M2A or M2B sites of orthorhombic pyroxene Guinier–Preston
zones and/or differences in nearest neighbor Fe and Ca conﬁgurations (Abdu et al., 2009). One potential shortcoming of attributing
these features to the presence of Guinier–Preston zones is that given the low abundance of G–P zones, due to the low abundance of
Ca in our orthopyroxenes, such bands should be substantially
weaker than the absorption bands due to Fe2+ in the host orthopyroxene. However, if the M2A or M2B sites in the G–P zones are
more distorted than the M2 site in the host orthopyroxene, the
strength of the M2A or M2B absorption bands would increase. In
addition, our data suggest that increasing Ca content may have
far-reaching effects on the orthopyroxene structure, causing the
506 and 511.5 nm absorption bands to decrease in intensity with
increasing Ca content. The lack of spectral Group II behavior in
the synthetic Ca-free pyroxenes (Klima et al., 2006) supports the
assertion that the presence of Ca (however it may be incorporated
into an orthopyroxene) leads to a decrease in the strength of the
506 nm band and the appearance of the additional absorption
bands at 503.5, 507, and 511.5 nm. In pigeonites, it appears that
the difference in structure compared to orthopyroxene allows the
Ca to be accommodated without losing the 506 nm absorption
feature.
Alternative explanations for some or all of these features can
also be entertained. As mentioned, a number of investigators
attributed some of these features to spin-forbidden transitions in
Fe2+ located in the M1 site. However, the M1 site is more symmetric than the M2 site, which would result in less intense absorptions
for a given Fe2+ content. In addition, Fe2+ more strongly partitions
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Fig. 6. Variation in band depth for the 506 nm feature (i.e., for the deepest part of the composite absorption feature in the 500–515 nm interval) as a function of (a) mol% Fs,
(b) mol% Wo, (c) mol% Fs/mol% Wo, and (d) probable M2 site Fs mol%. Fs and Wo values are given in Table 1.

into the M2 site in LCPs. Also, no evidence was found in the synthetic samples for an intensiﬁcation of this feature with increasing
M1 Fe2+ site occupancy (Klima et al., 2006, 2007b). Band depths in
the 506 nm region are also not correlated with the strength of the
M1 Fe2+ spin-allowed band (Klima et al., 2007b).
In sharp contrast to the LCP spectra, the HCP spectra are characterized by weaker absorption bands in the 506 nm region, and a
greater diversity of spectral shapes. Given that the spectral type
B clinopyroxenes generally exhibit stronger bands than the spectral type A, this is consistent with these features being attributable
to Fe2+ in the M2 site, as type A HCPs should have their M2 sites
more fully occupied by cations other than Fe2+ (Adams, 1974).
The relative weakness of the bands in HCP as compared to LCP
spectra is attributable to the more symmetric nature of the M2 site
in HCPs (Burns, 1993).
The extensive study of lunar pyroxene transmission spectra by
Hazen et al. (1978) are also worth discussing. They found that the
506 nm feature was generally a doublet (with bands near 503
and 507 nm) or a broad (4 nm wide) absorption maximum in
most LCPs and pigeonites and a sharp singlet in augites and the
highest Fe-content LCPs. The doublet nature in LCPs is most consistent with our Group II LCP results. The singlet in augites suggests
that these pyroxenes exsolved into Ca-free (orthopyroxene) and
Ca-rich (clinopyroxene) phases, with few, if any, G–P zones; only
the Ca-free (orthopyroxene) phase is contributing a 506 nm feature
to the transmission spectrum from Fe2+ in M2. Bulk analyses of lunar pyroxenes generally indicate <50 mol% Ca, and exsolution
lamellae are common (e.g., Takeda et al., 1974; Hazen et al.,
1978; McCallum et al., 2006). G–P zones can appear in lunar pyroxenes, and could account for the appearance of a double band structure in some of the Ca-bearing sample spectra (Smyth and Swope,
1990).

6.1. Howardite, eucrite, and diogenite meteorites
HED reﬂectance spectra exhibit an absorption feature in the
506 nm region. Reﬂectance spectra showed differences in band
minima between diogenites and eucrites, consistent with their differing Fe2+ contents, with the more Fe2+-rich eucrites exhibiting
the absorption feature at longer wavelengths than the more Fe2+poor diogenites (Hiroi et al., 2001; Klima et al., 2007a; Shestopalov
et al., 2007). The absorption feature also appears to be broader in
the eucrite than the diogenite spectra, consistent with multiple
overlapping absorption bands (Hiroi et al., 2001). The spectral differences that exist in the position of the 506-nm absorption band
between howardites, eucrites, and diogenites (Hiroi et al., 2001)
are best attributed to differences in pyroxene composition. Diogenites consist of 84% to 100% LCP, with a narrow range of composition (Fs19–Fs33, with the majority centered near Fs25 and
Wo2–Wo4). Common accessory phases include olivine (up to
5 vol.%), diopside, chromite, troilite, metal, and a silica phase (all
<3 vol.%). Eucrites are composed predominantly of subequal
amounts of pyroxene and calcic plagioclase, with minor chromite,
a silica phase, phosphate, ilmenite, metal, and troilites. Howardites
are generally polymict breccias containing eucritic, diogenitic fragments, and glassy matrix (Mittlefehldt et al., 1998).
The pyroxene in the eucrites generally consists of pigeonite
with exsolved augite; in some cases the pigeonite has inverted to
orthopyroxene. The pyroxene in eucrites is more Fe-rich than in
diogenites, with bulk pyroxene compositions clustered in the range
Fs40–Fs60 and Wo8–Wo20. A number of eucrite subtypes are recognized: e.g., cumulate, basaltic, monomict, polymict breccias.
Eucritic and diogenitic pyroxenes can both exhibit G–P zones,
exsolution lamellae, inversion of pigeonite to orthopyroxene
(Takeda et al., 1974; Zema et al., 1999; Langenhorst et al., 2006;

Author's personal copy

306

E.A. Cloutis et al. / Icarus 207 (2010) 295–313

Heinemann et al., 2008), as well as stress-induced deformations
(Mori and Takeda, 1988; Domeneghetti et al., 1995). All of these
factors can complicate the spectral analysis of HEDs.
On the basis of the results of Klima et al. (2007a,b), we expect
the eucrites to exhibit 506-nm region absorption bands at longer
wavelengths than the diogenites, due to their higher pyroxene
Fe2+ content, and this has been demonstrated in 1 nm resolution
spectra (Hiroi et al., 2001). Using band depths to discriminate
HED meteorites would probably not be a useful parameter, as the
presence of more abundant plagioclase feldspar in the eucrites
would counteract the increase in band depth expected for the increase in Fe2+ content of the LCP (e.g., Nash and Conel, 1974;
Mustard et al., 1986). Further complicating band depth comparisons is the fact that eucritic pyroxene consists of a mixture of
pigeonite, orthopyroxene, and augite. Thus, band position seems
to be the most reliable discriminator of eucrites and diogenites,
with howardites expected to straddle the two groups. The results
of Hiroi et al. (2001) indicate that discrimination of diogenitic
and eucritic lithologies is possible even with 1 nm resolution data.
A 0.34 nm resolution reﬂectance spectrum of a <37 lm fraction
of the Moama eucrite is shown in Fig. 7a. The absorption band near
506 nm is clearly visible and the continuum-removed spectrum is
shown in Fig. 7b. The depth of the band is 2.2% and is centered near
506.7 nm. The overall shape of the main absorption band in the
506-nm region is most similar to that of the pigeonite (PYX112)
and higher iron content LCPs, such as PYX032. This is consistent
with the make up of the pyroxene in this eucrite: an Fe2+-rich
hypersthene (Fs40) and Ca-rich exsolution lamellae of various
sizes. It is likely that some of these lamellae extend down to the
size range of Guinier–Preston zones (Lovering, 1975). Additional
HED meteorite spectra are being analyzed and will be the subject
of a future paper.

variations (on the order of 1–2 nm) in its position, consistent with
the range of variation seen in HED spectra (Hiroi et al., 2001). The
asymmetric appearance of this band in many of the Vesta spectra
(e.g., Golubeva et al., 1986b; Golubeva and Shestopalov, 1997;
Cochran and Vilas, 1998) is similar to HED spectra in this regard
(Hiroi et al., 2001), suggesting that the pyroxenes contributing to
this feature on Vesta likely possess Guinier–Preston zones, suggesting rapid cooling and consistent with the presence of G–P
zones in HED pyroxenes (e.g., Zema et al., 1999; Langenhorst
et al., 2006; Heinemann et al., 2008).
Cochran and Vilas (1997, 1998) and Jarvis et al. (2001) acquired
0.7 nm resolution spectra of Vesta. The presence of an absorption
feature near 506 nm was noted in Cochran and Vilas (1997) and
discussed more fully in Cochran and Vilas (1998). They noted that
the feature was consistently centered at 506.54 nm and appeared
to consist of a single absorption band. Band depth and equivalent
width were found to vary with albedo and topography, and a number of plausible explanations were advanced (corrections to their
initial analysis and additional observations of Vesta were provided
in Vilas et al. (2000)). Closer examination of the published spectra
suggests that this absorption feature is asymmetric with a more
gradual rise in reﬂectance on the long wavelength side of the
absorption band, consistent with the results of Golubeva et al.
(1986b), and similar to diogenitic and eucritic spectra (Hiroi
et al., 2001), suggesting the presence of G–P zones. The data presented in Vilas et al. (2000) indicate some variation in band center
with rotation (as also suggested by the results of Golubeva and
Shestopalov (1997) and Shestopalov and Golubeva (1998)). Collectively, these results suggest that variations in both band position
and shape (asymmetry) can be used to probe differences in structure and composition of pyroxenes across the surface of Vesta.
6.3. Vestoids

6.2. Vesta
The presence of an absorption feature in the 506 nm region of
Vesta has been conﬁrmed by numerous investigators (e.g., Golubeva et al., 1983, 1986b; Luu and Jewitt, 1990; Cochran and Vilas,
1997, 1998; Golubeva and Shestopalov, 1997, 1998; Vilas et al.,
2000; Jarvis et al., 2001; Cochran et al., 2004) (Table 2). The strong
linkage established between HEDs and Vesta (Gaffey, 1997), and
fact that the eucrite and diogenite meteorites could be discriminated on the basis of differences in the wavelength position and
appearance of the 506 nm band absorption feature led to the use
of this feature for mapping compositional variations across the surface of Vesta (Golubeva et al., 1986b; Golubeva and Shestopalov,
1997; Cochran and Vilas, 1998; Vilas et al., 2000; Jarvis et al.,
2001; Cochran et al., 2004). This feature was found to exhibit small

More recently, a number of smaller asteroids (the V class) have
been identiﬁed which possess spectral similarities to Vesta in the
near-infrared (Binzel and Xu, 1993), and in some cases can be
dynamically linked to Vesta (Binzel et al., 1999). Since their discovery, a number have been characterized in the 500 nm region (Table
2). Vilas et al. (2000) acquired reﬂectance spectra (0.7 nm spectral
resolution) of 11 potential vestoids; of these only six showed an
absorption feature centered near 506.5 nm. Jarvis et al. (2001) characterized a further ﬁve vestoids, one of which deﬁnitely exhibited an
absorption feature near 506 nm, and the other four possibly exhibiting an absorption feature in this region. Cochran et al. (2004) examined an additional seven vestoids and found a 506 nm region feature
in one (and possibly two) of these objects. In the Vilas et al. (2000)
study, no correlation was found between the presence or absence

Fig. 7. Reﬂectance spectrum (a) and continuum-removed spectrum (b) of a <37 lm grain size fraction of the Moama eucrite.
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Table 2
Spectral properties for selected asteroids.
Source of data: [1] Golubeva and Shestopalov (1998), [2] Golubeva et al. (1986a,b), [3] Busarev (2000), [4] Golubeva (1986), [5] Shestopalov and Golubeva (1995), [6] Golubeva
et al. (1983), [7] Luu and Jewitt (1990), [8] Cochran et al. (2004), [9] Jarvis et al. (2001), [10] Vilas et al. (2000), [11] Golubeva and Shestopalov (1997), [12] Cochran and Vilas
(1998, 1997), [13,14] Shestopalov et al. (2007, 2008), [15,16] Binzel and Xu (1993), [17] Binzel et al. (1993), Burbine et al. (2001), [18] Hiroi et al. (1995), [19] Busarev (1998), [20]
Golubeva and Shestopalov (2006), [21] Vilas et al. (1993), [22] Shestopalov et al. (1991), [23] Busarev (1991).
Asteroid

Classa

Band center (nm)

Asymmetry of bandb

Rotational variations

Spectral resolution (nm)

Source of data

3 Juno
4 Vesta

S
V

6 Hebe
11 Parthenope
12 Victoria
15 Eunomia
30 Urania
44 Nysa
66 Maja
68 Leto
75 Eurydike
110 Lydia
158 Koronis
165 Loreley
201 Penelope

S
S
S
S
S
S
E
C
S
M
M
S
CD
M

243 Ida
270 Anahita
289 Nenetta
326 Tamara
347 Pariana
446 Aeternitas
809 Lundia
956 Elisa
1273 Helma
1289 Kutaissi
1459 Magnya
1635 Bohrmann
1906 Naef

S
S
A
C
M
A
V
V
V
S
V
S
V

1929 Kollaa
1933 Tinchen

V
V

1985 DO2 (1988 OG)
2011 Veteraniya
2045 Peking
2113 Ehrdni

n.a.
V
V
V
V

2442 Corbett

V

2468 Repin
2566 Kirghizia
2579 Spartacus

V
V
V

2590 Mourao
2640 Hallstrom
3153 Lincoln

V
V
V

3155 Lee

V
V

3268 DeSanctis
3376 Armandhammer

V
V

3657 Ermolova

V

3849 Incidentia

V

508.4
506.7 ± 0.6
507 and 513
507 and 514.8
506
505.0
506.5
506.5
506.1–506.8
505.7–507.2
505.8–507.8
506.5
505
507.9
505
508.4
509.9
508.5
508
504.6
510
510.5
510
509
502
510
513
510
510
511
507
510
509.5
511
507
510
508
510
506
507
508.1 ± 0.7
506
506
506.0 ± 0.6
506
505.0
506.5
508
510
506.5
508
506.5
503
500 (?)
505
506.5
506.5
503
500 (?)
503.7 ± 0.8
503
506.5
505.9 ± 0.8
503
508
506.5
506.5
505.7 ± 0.7
505
510

n.d.
n.d.
Y
Y
Y
Y
n.a.
Y
n.d.
Y
Y
Y
Y
Y
n.d.
n.d.
n.d.
Y
n.d.
Y
n.d.
Y
Y
n.d.
n.d.
n.d.
n.d.
Y
n.d.
Y
Ye
n.d.
n.d.
Ye
Y
n.d.
n.d.
Y
n.a.
Y
N (?)
n.d.
Y
Y
n.d.
Y
Y
n.d.
n.d.
Y
n.d.
Y
n.d.
n.d.
Y
Y
n.d.
Y
n.d.
Y
n.d.
Y
Y
Y
n.d.
n.d.
n.d.
Y
Y
Y

n.d.
Y
Maybe
Maybe
n.a.
n.a.
Y
Y
Y
Y
Y
n.a.
n.a.
n.a.
n.d.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
Y
n.d.
n.a.
n.a.
Y
Y
n.a.
n.a.
n.a.
n.a.
n.d.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
Maybe
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

2.5
1
2
2
5
2
0.9
0.7
0.7
1
0.7
0.7
1
2.5
4.8
2.5
2.5
2.5
2.5
2.5
0.5
2.5
4.8
5
1
0.5
4.8
4.8
1
2.5
1c
0.5
1.1
1c
0.5d
0.5d
1
1
0.5d
1
1c
1
1
1c
1
2
0.7
1
0.3d
0.7
1
0.7
1
2.5d
2.5d
0.9
0.7
1
2.5d
1c
1
0.7
1c
1
1
0.9
0.7
1c
1
2.5d

22
1
2
2
6
7
8
9
10
11
12
13
16
22
3
22
22
22
22
22
21
22
19
23
17
21
3
19
17
22
20
21
5
20
15
15
16
17
15
17
14
16
16
14
16
7
10
18
15
10
18
10
18
15
15
8
9
16
15
14
16
10
14
16
18
8
9
14
16
15
(continued on next page)
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Table 2 (continued)
Asteroid

Classa

Band center (nm)

Asymmetry of bandb

Rotational variations

Spectral resolution (nm)

Source of data

3869 Norton

V

3908 (1980 PA)
3944 Halliday

n.a.
V

4005 Dyagilev

V

4038 Kristina

V

4147 Lennon

V

4188 Kitezh

V

4215 Kamo

V

4546 Franck

V

4900 Maymelou
4993 Cossard
5240 Kwasan
5481 Kiuchi
6406 1992 MJ (IV)
7148 Reinholdbien
++++++++++++++++++++++

V
V
V
V
V
V

506.5
508.9 ± 0.5
508
505.0
504.7 ± 0.7
503
511
510
506.5
515
504
505
510 (?)
506
508 (?)
510
506.4 ± 0.9
503
506
510 (?)
510
508
507
508.5 ± 0.02

Y
Y
n.d.
Y
Y
Y
Y
Y
Y
Y
Y
n.d.
n.d.
Y
n.d.
n.d.
Y
n.d.
Y
n.d.
n.d.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

0.7
1c
1
2
1c
1
1c
1
0.7
1
1c
1
2.5d
1
2.5d
1
1c
1
1
2.5d
2.5d
0.5d
0.5d
0.5d

10
14
18
7
14
16
14
16
10
18
14
18
15
17
15
16
14
18
17
15
15
15
15
15

Abbreviations: n.a.: not available; n.d.: could not be determined from available data.
a
Using classiﬁcation system of Tholen (1989).
b
From visual inspection of the published spectra or as noted by investigators.
c
Spectra smoothed using optimal smoothing algorithm of Shestopalov et al. (2007) and taken from SMASS data base of Xu et al. (1995).
d
Spectra smoothed using optimal smoothing algorithm of Shestopalov et al. (2007) and taken from the following sources: Xu et al. (1995), Bus and Binzel (2002), Lazzaro
et al. (2004), Duffard et al. (2004), and Alvarez-Candal et al. (2006).
e
Asymmetry attributed to presence of partially overlapping olivine absorption band.

of this band and the strength of the 1000-nm silicate absorption feature; the spectra are too noisy to conﬁdently identify differences in
band positions between the different asteroids.
Binzel and Xu (1993) and Binzel et al. (1993) collected visible
region spectra for a number of vestoids and their spectra exhibit
clear evidence for an absorption feature in the 506 nm region for
a number of them (Hiroi et al., 1995) (Table 2).
Shestopalov et al. (2007, 2008) examined visible region spectra
of vestoids collected in previous spectroscopic surveys. They applied an optimum smoothing algorithm to the data to better isolate
and characterize narrow absorption bands, including the 506 nm
feature. Their analysis suggested band centers in the 506 nm region ranging from 503.7 ± 0.8 to 508.9 ± 0.5 nm. While the lower
value falls below the lower limit determined for synthetic pyroxenes, the higher value is equivalent to that found for Fs100. The
presence of olivine, which possesses an absorption band near
495 nm, could cause the 506 nm pyroxene absorption feature to
shift to shorter wavelengths (Shestopalov and Golubeva, 2006).
The apparent absence of a 506 nm region absorption feature in
some of the vestoids could be attributable to a number of mechanisms. These include: an insufﬁcient signal to noise ratio to clearly
discriminate an absorption band; variations in G–P zone abundance and composition, where more Ca-rich samples with more
abundant G–P zones exhibit broader and shallower absorption
bands; extremely ﬁne-grained assemblages, which would result
in shallower absorption bands; or the presence of additional
phases which would ‘‘dilute” the strength of the absorption band.
6.4. Other asteroid groups
Given that the 506 nm feature is characteristic of orthopyroxene,
it seems reasonable that this feature could be present in reﬂectance
spectra of other pyroxene-rich asteroids. The fact that this is the
strongest of the Fe2+ spin-forbidden bands makes it the most useful
for detecting and characterizing orthopyroxenes with visible region

data. What appear to be pyroxene-related absorption bands (on the
basis of wavelength position and shape) have been identiﬁed in telescopic spectra of S- (Golubeva, 1986; Shestopalov et al., 1990; Binzel
et al., 1993; Busarev, 2000), C- (Vilas et al., 1993), M- (Busarev, 1991,
1998, 2000; Shestopalov and Golubeva, 1995) and A-asteroids
(Golubeva and Shestopalov, 2006).
A slight absorption band near 506 nm was found in a spectrum of
the S-Asteroid 3 Juno (Golubeva, 1986), and subsequently in other
S-asteroid spectra (Shestopalov et al., 1990, 1991). A spectrum of
the S-Asteroid 11 Parthenope exhibits an absorption band in the
506 nm region as well as an additional pyroxene absorption band
near 550 nm (Busarev, 2000). Furthermore, a number of S-asteroids
from the SMASS survey (Binzel et al., 1993) have the clearest evidence for an absorption band in the 500–510 nm region. However,
noise in the data precludes precise determinations of band centers
and shapes.
Two A-asteroids, 289 Nenetta and 446 Aeternitas, were identiﬁed by Golubeva and Shestopalov (2006) as exhibiting absorption
features in the 500 nm region (Table 2) and these features were
attributed to contributions from both olivine and pyroxene
spin-forbidden bands. These asteroids have traditionally been regarded as being very olivine-rich (e.g., Cruikshank and Hartmann,
1984).
A number of M-class asteroids have been identiﬁed as possibly
possessing pyroxenes on their surfaces, again on the basis of an
absorption feature near 506 nm. These include 75 Eurydike (Busarev, 1998), 110 Lydia (Busarev, 2001), 201 Penelope (Busarev,
1998, 2000), and 347 Pariana (Shestopalov and Golubeva, 1995).
The three spectra of Eurydike all exhibit an absorption feature in
the 510 nm region, whose position and depth vary with rotation
(Busarev, 1998). Only two of three spectra of 201 Penelope exhibit
an absorption band near 510 nm (Busarev, 1998, 2000). The spectra of 347 Pariana exhibit a feature near 509 nm; from these data
Shestopalov and Golubeva (1995) concluded that the absence of
an absorption band near 1000 nm may be insufﬁcient to preclude
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the presence of pyroxene on an asteroid’s surface. However, more
recent observations of 347 Pariana (Hardersen et al., 2009) reveal
the presence of a weak 900 nm absorption band. Finally, 44 Nysa
is the only E asteroid shown to date to exhibit a weak absorption
feature centered near 505 nm (Shestopalov et al., 1991).
We acquired reﬂectance spectra of metal-rich metal + LCP mixtures in order to better constrain whether the 506 nm feature can
be used to detect the presence of LCP in the absence of 1000- and
2000-nm region LCP absorption bands. We found that the presence
or absence of a 506 nm absorption band is consistent with the
presence or absence of Fe2+ absorption bands in the 1000- and
2000-nm regions. In a mixture of 90–10% metal–LCP, a weak band
is detectable (band depth 2%) in the 1000-nm region, as is a weak
absorption band in the 506-nm region (band depth 0.2%). In a 95–
5% mixture, neither of these absorption features is reliably discriminated. This suggests that the 506 nm feature can be used as an
indicator of the presence of LCP intimately mixed with appreciable
amounts of metal, but the 506 nm feature does not appear to persist to metal abundances that reduce the depth of the 1000 nm
band to <1%.
C-class asteroids, due to their low albedo, are not expected to
exhibit an absorption band in the 506 nm region due to pyroxene.
However, telescopic spectra of C-Asteroids 66 Maja, 165 Loreley
and 326 Tamara (Vilas et al., 1993), all exhibit an absorption feature in this region, whose positions and widths are consistent with
orthopyroxene. The spectrum of 326 Tamara may contain contributions from both olivine and orthopyroxene in this region (Shestopalov and Golubeva, 2006). All three spectra exhibit an additional
absorption band near 430 nm that is attributable to an Fe3+ spinforbidden transition. The presence of both types of absorption
features is consistent with Fe2+-bearing orthopyroxenes having
partially altered to phyllosilicates.
6.5. Summary – asteroids
Observational data for a number of asteroids suggests that a
506-nm region feature is widely present in asteroid spectra for
many different classes, which are presumed to possess some
amount of pyroxene on their surfaces. The observational data are
suggestive that the 506 nm feature may be used to detect the presence of pyroxene, even in the absence of longer wavelength Fe2+
spin-allowed absorption bands (Busarev, 1998; Shestopalov and
Golubeva, 1995). The 506 nm band position in some asteroid spectra is less than 504 nm and more than 510 nm; i.e., it lies beyond
the bounds known for terrestrial, lunar and achondritic meteorites
(Fig. 8). This indicates that additional laboratory and observational
work is required to better constrain and understand these results.

25

Number of Estimates

LCP and HCP

HCP
Unclassified

20

C
E
M

15

A

10

S
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Vesta
514

512

510

508

506

504

502

0

506-nm Band Center
Fig. 8. Frequency of occurrence of the 506-nm band among asteroids of different
optical classes. The vertical line at 508 nm separates pyroxenes of different
structural types (Hazen et al., 1978; Shestopalov et al., 1991; Klima et al., 2006).
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7. Implications for Dawn mission
The Dawn mission, launched in 2007, is scheduled to encounter
Asteroid 4 Vesta in August 2010. The spacecraft includes the VIRMS instrument, which will image Vesta in the visible (250–
1000 nm) and near-infrared (950–5000 nm) (Coradini et al.,
2008). Spectral resolution in the 506 nm region is 1.8 nm (Coradini et al., 2007). To assess the capabilities of this instrument for
characterizing pyroxenes on the basis of the 506 nm feature, we
have deconvolved a number of our laboratory spectra to match
the spectral resolution of the Dawn VIR-MS instrument (Fig. 9).
As noted, the 506 nm feature is most prominent in orthopyroxenes. The appearance of the feature does change depending on the
wavelength position of the spectrometer bands. Our PYX023 and
PYX042 orthopyroxene spectra can appear asymmetric at 1.8 nm
spectral resolution depending on where the band passes are centered (Fig. 9a and b). Group II orthopyroxene spectra, whose band
depths are generally less than Group I spectra are also detectable at
Dawn VIR-MS resolution, and they seem to retain their asymmetric
appearance regardless of where the bands are positioned (Fig. 9c
and d). The main absorption band near 506 nm is represented by
3–4 data points at Dawn VIR-MS resolution. This is likely inadequate to permit robust determinations of small (<1 nm) shifts in
band center positions. However, the study of HED spectra by Hiroi
et al. (2001), where spectra were measured at 1 nm spectral resolution, suggests that Dawn VIR-MS spectral resolution should be
adequate for discrimination of broad lithologic groups, such as
diogenitic versus eucritic lithologies.
In the case of the clinopyroxenes, their 506 nm absorption
bands are much shallower than for orthopyroxenes, and this may
present difﬁculties for detection by the Dawn VIR-MS instrument
(Fig. 9e and f). Very high signal to noise ratios (SNRs) would be required for their detection, and the absorption feature spans only a
few VIR-MS spectral channels. Even in the laboratory spectra,
where both high spectral resolution and high signal to noise are
present, these features are normally represented by only 3–4 data
points, severely limiting construction of a mathematical function
to quantify band position or to ascertain the presence and characteristics of potentially overlapping multiple absorption bands in
the 506 nm region. In the case of either LCP or HCP detection attention will have to be paid to the observational data to ascertain
whether SNR is adequate to conﬁrm the presence of this feature.
This is particularly important for this feature as it is composed of
only a few data points.

8. Summary and conclusions
The investigations conducted to date suggest that the 506 nm
feature can serve as a very powerful and versatile probe of planetary surfaces, but that additional study is needed to fully determine
its range of applications and the factors to which it is most sensitive. It appears that a 506 nm absorption feature is present in
reﬂectance spectra of many asteroids from diverse taxonomic
groups, suggesting that it may be a useful probe of planetary surface composition and perhaps petrogenesis. The full utility of this
band, to potentially infer olivine:pyroxene ratios (Golubeva and
Shestopalov, 2006), to constrain Ca and Fe2+ contents (e.g.,
Fig. 6), to determine the presence of pyroxene in the absence of
longer wavelength absorption bands (Shestopalov and Golubeva,
1995), to determine variations in Fe2+ content (Klima et al.,
2007b), to infer cooling rates, to map compositional variations
across an asteroid (Golubeva and Shestopalov, 1997), and to determine the presence of phyllosilicate + maﬁc silicate assemblages on
asteroids (Vilas et al., 1993), requires high signal to noise data,
which do not currently exist for most asteroids. Balanced against
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Fig. 9. Reﬂectance spectra (for 500 nm region) of some of the samples used in this study at full spectral resolution, as well as deconvolved to 1.7 nm resolution for the region
of the 506 nm absorption band; band centers of the two deconvolved spectra are shifted 0.85 nm from each other (large squares and circles). This spectral resolution
approximates that of the Dawn VIR-MS spectrometer.

this is the fact that spectral resolution on the order of a few nanometers appears to be adequate for, at a minimum, detecting this
feature and possibly assigning absorption features to LCP spectral
Group I or II.
For the Dawn mission encounter with Vesta, analysis of any
absorption features in the 506 nm region will need to be cognizant
of where the VIR-MS band passes are located. This is due to the fact
that the 506 nm absorption feature is narrow and its appearance
will be strongly affected by the wavelength position of the band
passes. Nevertheless, it appears that the VIR-MS instrument is
capable of detecting a 506 nm orthopyroxene absorption feature
and providing broad constraints on its nature.
The 506 nm region absorption feature in pyroxenes, attributable to Fe2+ spin-forbidden transitions, displays spectral diversity
both in terms of wavelength position and number of constituent
bands (overall shape). The available data suggests that this absorption feature is most prominent in orthopyroxenes, particularly

low-Ca members; clinopyroxenes exhibit weaker absorption bands
in the 506-nm region than orthopyroxenes. The orthopyroxene
spectra can be broadly divided into two groups based upon spectral properties. The ﬁrst group (Group I) exhibit a strong absorption
band near 506 nm and an additional weaker band, appearing as a
shoulder, near 510 nm. These orthopyroxenes are likely associated
with slowly cooled samples, where any Ca has migrated to form
monoclinic clinopyroxene enclaves which contribute little, if anything, to absorptions in this region. Spectra of the second group
(Group II) are characterized by a more complex spectrum, consisting of an asymmetric feature near 506 nm that is composed of two
absorption bands centered near 506 (as in Group I) and 507.5 nm,
and additional absorption bands near 510 (as in Group I), 511.5,
and 503.5 nm. The appearance of these additional absorption
bands is consistent with more rapidly cooled samples, where Ca
has not had sufﬁcient time to migrate to form Ca-rich monoclinic
enclaves, but instead forms thin (one to a few unit cells thick)
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orthorhombic Ca-rich Guinier–Preston zones. Differences in site
symmetry that likely exist between the M2 site in the Ca-free
lamellae and the M2A and M2B sites in the Ca-rich Guinier–Preston zones, or the differences in structure between orthorhombic
LCP and pigeonite, likely account for the additional absorption
bands in the Group II spectra. Unlike the longer wavelength Fe2+
spin-allowed absorption bands (Cloutis et al., 1990), the position
of the 506 nm band appears to be insensitive to Al content (Golubeva and Shestopalov, 1998). As band depth appears to be a function
of both Fe2+ and Ca content, it is likely that the presence of Ca
above a few tenths wt.% leads to the appearance of Group II type
spectra and reduced band depths relative to Group I spectra. In
addition to the effect that composition has on band depth, grain
size variations can also cause band depth variations. Intermediate
sized samples (on the order of a few hundred microns) appear to
exhibit the deepest 506 nm region absorption bands. The 506 nm
absorption feature also appears to persist in metal–orthopyroxene
assemblages to orthopyroxene abundances as low as 10 wt.%.
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